In this work, biosurfactants produced by two Pseudomonas aeruginosa strains isolated from Brazilian crude oils were identified by proton nuclear magnetic resonance ( 1 H NMR) and further characterized by mass spectrometry (MS) coupled with electrospray ionization (ESI) and tandem mass spectrometry (MS/MS) analysis in positive mode and their surface activities evaluated. Mono-rhamnolipids and di-rhamnolipids were identified for both isolates, but the most abundant were found to be mono-rhamnolipids. The similarity of rhamnolipids produced by the two strains was in good agreement with their surface activities. Both biosurfactants exhibited similar aqueous solution surface tensions, high emulsification indexes and critical micelle concentration values. The results obtained show that ESI-MS and MS/MS analysis alone provide a fast and highly specific characterization of biosurfactants produced by microbial strains.
Introduction
Surface-active agents or surfactants are amphiphilic molecules that comprise both hydrophobic and hydrophilic moieties, which are able to reduce surface and inter~facial tensions and can form and stabilize oil in water or water in oil emulsions. 1 These compounds have several applications and traditionally are used in food, pharmaceutical, cosmetics and petroleum industries. 2 Chemical surfactants are widely used in industry but the increase in environmental issues and restrictive laws led to the development of biodegradable and naturally produced surfactants, such as oleo chemical-or sugarbased and microbial surfactants. 3 Biosurfactants appear as a reliable alternative due to their lower toxicity, higher biodegradability and effectiveness at extreme temperature, salinity and pH conditions. 4, 5 Several biosurfactants have been reported, but the most important groups include glycolipids and lipopeptides. 2 Glycolipids consist of a carbohydrate moiety linked to longchain aliphatic acids or hydroxyl aliphatic acids. 6 Among them, the most relevant are the rhamnolipids produced by the Pseudomonas species due to their good surface activity and emulsifying properties. 7, 8 Rhamnolipids are composed of one or two b-hydroxy fatty acids of different chain lengths (C8-C22) linked to a mono-rhamnose (Rha-) or di-rhamnose (Rha-Rha) unit. 6, 9 The two major rhamnolipid groups are the monorhamnolipids and di-rhamnolipids; however, there are more than 58 rhamnolipid congeners and homologs with different combinations of saturated and unsaturated acyl chains and sugar moieties. 2, 7, 8, 10, 11 Mass spectrometry (MS) with electrospray ionization (ESI) is a powerful analytical technique that has been commonly used for the identification and analysis of several biomolecules, such as lipids 12 and carbohydrates. 13 Using this approach, it is possible to obtain information about the structural details of the analyzed molecules. Moreover, taking into account that rhamnolipids contain both lipids and carbohydrates in their structure, these molecules are ideal to be analyzed by MS with ESI. This technique has the advantage of allowing the analysis of very small amounts of sample, even when present in mixtures and without derivatization. However, information on the analysis of rhamnolipids by MS is scarce; thus, this study constitutes an important approach to fill this necessity. Until now, the characterization of the structure of rhamnolipids using MS focused mainly on the use of ESI-MS analysis in negative mode 10, [14] [15] [16] [17] [18] and only one study reported the use of MS in positive mode, using matrix-assisted laser desorption/ionization (MALDI). 19 Among these studies, only the work carried out in the negative mode suggested the use of tandem MS (MS/MS) for the identification of the structure details of these biomolecules. 14 Even if these works performed the study of the fragmentation by increasing the cone voltage ion of the ESI source, after MS had been coupled with liquid chromatography (LC), this is not a truly MS/MS analysis. In addition, analysis of the fragmentation pathways of rhamnolipid positive ions was not previously performed or reported. In positive mode the rhamnolipid ionized preferentially as [M + Na] + ions, as identified by Price and collaborators. 19 However, these authors did not confirm the structural features of the rhamnolipids identified by MS/MS. In fact, MS spectra with the identification of the [M + Na] + ions allowed the identification of the molecular weight of compounds, while the identification and confirmation of the structural features can only be achieved using MS/MS strategies.
Therefore, in this work, the chemical characterization of rhamnolipids produced by two different strains of Pseudomonas aeruginosa will be conducted using the 1 H NMR and MS approach based on ESI-MS and MS/MS techniques in positive mode. Furthermore, a detailed analysis of the fragmentation pathways observed in the MS/MS spectra of the [M + Na] + ions will be performed to confirm the structural features of the glycolipids. The surface-active and emulsification properties of rhamnolipid solutions will be evaluated, as well as the relationship between these features and the chemical structure of the rhamnolipids.
Experimental

Isolation of microorganisms from crude oil samples and biosurfactant production and recovery
Crude oil samples from four wells at a Brazilian oil field were collected in sterile bottles. For the isolation of microorganisms, enrichment cultures were performed as described previously. 20 Biosurfactant production by the selected strains was carried out in shake flasks containing 500 mL of LB medium. Each flask was inoculated with 5 mL of a pre-culture that was prepared using the same culture medium and incubated overnight at 40°C and 120 rpm. The flasks were then incubated under the same conditions until the stationary phase was reached. At the end of the fermentation, the cells were harvested by centrifugation (10000×g, 20 min, 10°C) and cell dry weight (g L -1 ) was determined. To recover the biosurfactant, the cell-free supernatant was subjected to acid precipitation. After the precipitation, the crude biosurfactant was dissolved in a minimal amount of demineralised water and the pH was adjusted to 7.0 using 1 M NaOH. Finally, the crude biosurfactant solution was freezedried and the product obtained was weighed and stored at -20ºC for further use.
Identification of the isolates
Bacterial isolates that displayed high biosurfactant production were selected and identified by partial 16S rRNA sequencing. The 16S rRNA gene was amplified by PCR using primers 341F and 907R. The resulting sequences were compared with sequences in the GenBank database of the National Center for Biotechnology Information (NCBI) (http:// www.ncbi.nlm.nih.gov) using the nucleotide-nucleotide blast (BLASTn) network service, to determine their phylogenetic affiliations.
Extraction and purification of rhamnolipids
Rhamnolipids were extracted from cell-free supernatants, using the Folch extraction commonly used to extract lipids from biomolecules. The Folch extraction procedure was performed as described elsewhere, 21 briefly, by adding 2 : 1 chloroform / methanol mixture to the supernatant sample to achieve a final ratio of chloroform / methanol / water (8 : 4 : 3). The mixture was centrifuged (9000×g, 5 min), the organic layer was collected and the samples were evaporated to dryness under N 2 at 37°C for 30 min. Prior to MS and NMR analysis, the samples were re-dissolved in chloroform.
Mass spectrometry
Analysis of rhamnolipids was carried out by MS using ESI ionization obtained in a Q-ToF 2 (Micromass, Manchester, UK). ESI conditions in the electrospray Q-Tof mass spectrometer were as follows: electrospray voltage was 3 kV in the positive mode with a cone voltage of 30 V. The source temperature was 80°C and the desolvation temperature was 150°C. MS/ MS spectra were performed using argon as collision gas and energy between 30-40V. Data was acquired using a Mass Lynx data system (V4.0).
NMR spectroscopy
The purified rhamnolipids were re-dissolved in deuterated chloroform (CDCl 3 ) and the respective 1 H NMR spectra were recorded using a BrukerAvance 300 spectrometer operating at 300.13 MHz.
Results and discussion
Isolation and identification of biosurfactantproducing microorganisms
Isolates #111 and #902 were identified according to the partial sequence obtained from their 16S rRNA genes. The sequences obtained were compared with those described in the databases and both showed 100% similarity with P. aeruginosa. The sequences were deposited in the GenBank database under accession numbers JQ281109 and JQ281110. The sequences obtained for both isolates showed 99% similarity. This fact, together with the different morphology exhibited by both isolates growing in solid and liquid media, confirms that they are different isolates.
NMR spectroscopy analysis
The composition of the biosurfactants obtained from isolates #111 and #902 was probed by 1 H NMR analysis. The respective 1 H chemical shifts are shown in Table 1 and respective spectra presented in Supplementary Data.
The 1 H NMR spectra were in good agreement with those obtained by other authors 6, 10, 19 showing that the purified surfactant samples presented the chemical shift deviations characteristic of rhamnolipid homologs. The spectrum of isolate #902 showed signals related to a sugar moiety at d 4.82 (C-1¢), 3.63-3.78 (C-2¢, C-3¢, C-5¢), 3.48 (C-4¢) and 1.24 (C-6¢) related to a rhamnose moiety. A similar spectrum was also obtained for isolate #111 at, respectively, d 4.86 (C-1¢), 3.62-3.80 (C-2¢, C-3¢, C-5¢), 3.47 (C-4¢) and 1.24 (C-6¢). In addition, both spectra showed the hydroxy fatty acid signals. As 1 H NMR was used, it was not possible to define the rhamnolipids structure precisely, thus these were further characterized by ESI-MS and MS/MS as described below.
Mass spectrometry
The ESI-MS spectra, obtained in positive mode, of the extracts obtained for each isolate (#111 and #902) are shown in Figure  1 . In both ESI-MS spectra, it is possible to identify several sodium adducts, [M + Na] + ions, from the rhamnolipids present in the samples. The corresponding potassium adducts, [M + K] + ions, are also observed, thus confirming that rhamnolipid species are present. The formation of these adducts is typical of carbohydrate derivatives 13 by ESI-MS and was also observed by other researchers during MALDI-MS analysis of rhamnolipids. 19 The ions identified in the ESI-MS spectra (Figure 1 ) were attributed to both mono-and di-rhamnolipids with distinct fatty acyl chains, as shown in Table 2 .
The (Table 1) .
Few differences were found between the two samples analyzed. Although ESI-MS is a qualitative and not a quantitative method, it was possible to notice some differences in the relative abundance of di-rhamnolipid ions comparing samples from #902 and #111 isolates. Biosurfactant from isolate #111 seems to have a minor relative abundance of the Rha-Rha-C10:0/C10:0 and Rha-Rha-C10:0/C12:0 compared to #902. Although obtained from two P. aeruginosa strains, apparently these two samples have a similar composition of rhamnolipids, which could be explained by their similar surface activities and emulsifying properties previously described. 20 The large CMC values obtained for these biosurfactants 20 when compared with other rhamnolipids previously reported may be due to two factors: on the one hand, Mata-Sandoval et al. 22 showed that rhamnolipids with shortchain fatty acids have smaller hydrophobicity and, accordingly, start to form micelles at higher biosurfactant concentrations; on the other hand, the presence of di-rhamnolipids in the mixtures of surfactants obtained from both isolates (#111 and #902) also leads to an increase in the CMC values. This behavior has also been observed by Haba et al. 23 which showed that higher CMC values are obtained due to the contribution of the di-rhamnolipid. In order to confirm the proposed structure of each species identified by ESI-MS spectra, namely the presence of rhamnose units and the identification of the fatty acyl chain composition, the ESI-MS/MS spectra of each [M + Na] + ion were conducted and analyzed. This approach allows the identification of the fatty acyl chains length, their position in the rhamnolipid structure and the confirmation of presence of the rhamnose sugar units. Below This approach was used to elucidate the structure of all the rhamnolipids identified and the results are reported in Table 1 .
There are a few studies that characterize the fragmentation of rhamnolipids with MS/MS, the best known being the rupture of the ester link between two alkyl chains of rhamnolipids and near sugar units in negative mode ([M -H] -). 6, 24 In spite of this work having been carried out in positive mode, with the formation of [M + Na] + , the fragmentations observed are similar, suggesting that they are characteristic of these molecules. This is one of the first studies on the characterization of rhamnolipids by MS in positive mode, with the formation of [M + Na] + ions 19, 25 
Conclusion
In this work, biosurfactants produced by two isolated P. aeruginosa strains were characterized. Their structures have been identified by 1 H-NMR as being rhamnolipids and further characterized by ESI/MS and MS/MS as mixtures of mono-rhamnolipids and di-rhamnolipids. The most abundant homologs found in the extracts were the mono-rhamnolipids, Rha-C10:0/C12:0 and Rha-C10:0/ C12:1 and the di-rhamnolipids Rha-Rha-C10:0/C10:0 and Rha-Rha-C10:0/C12:0. The rhamnolipid structural characterization showed that although these surfactants have been obtained from two different P. aeruginosa strains, they have a close composition that explains their similar behavior. The structural characterization of the biosurfactants produced by microorganisms is very important to understand their surface-active properties and formation of molecular aggregates. The development of rapid analysis, such as ESI/MS and MS/MS, which allow the characterization with high sensitivity and specificity of the surfactants present in bacterial extracts, is crucial. In conclusion, it is important to understand biosurfactant specificities in order to increase their potential applications as, for example, in bioremediation of environments contaminated with crude oil and in tertiary recovery of crude oil from reservoirs by microbial-enhanced oil recovery processes. In this context, the results herein reported show that ESI-MS and MS/MS analysis can be powerful techniques for a simple and fast structural characterization of biosurfactants produced by microbial strains.
